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An optical pulse stretcher and a mathematical algorithm for
the detailed calculation of its design and performance is dis-
closed. The optical pulse stretcher has a plurality of optical
cavities, having multiple optical reflectors such that an optical
path length in each of the optical cavities is different. The
optical pulse stretcher also has a plurality of beam splitters,
each of which intercepts a portion of an input optical beam
and diverts the portion into one of the plurality of optical
cavities. The input optical beam is stretched and a power of an
output beam is reduced after passing through the optical pulse
stretcher and the placement of the plurality of optical cavities
and beam splitters is optimized through a model that takes
into account optical beam divergence and alignment in the
pluralities of the optical cavities. The optical pulse stretcher
system can also function as a high-repetition-rate (MHz) laser
pulse generator, making it suitable for use as a stroboscopic
light source for high speed ballistic projectile imaging stud-
ies, or it can be used for high speed flow diagnostics using a
laser light sheet with digital particle imaging velocimetry.
The optical pulse stretcher system can also be implemented
using fiber optic components to realize a rugged and compact
optical system that is alignment free and easy to use.
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TEMPORAL LASER PULSE MANIPULATION
USING MULTIPLE OPTICAL
RING-CAVITIES

This is a Continuation-In Part of application Ser. No.
10/690,162 filed Oct. 15, 2003. The disclosure of the prior
application(s) is hereby incorporated by reference herein in
its entirety.

ORIGIN OF THE INVENTION

The invention described herein was made by employees of
the United States Government and may be manufactured and
used by or for the Government for Government purposes
without payment of any royalties thereon or therefore.

BACKGROUND OF THE INVENTION

1. Field of Invention

The present invention relates to production of specific
types of laser light that can be used in analysis of certain
systems. In particular, the present invention is directed to
methods for splitting up a pulsed laser beam into multiple
pulsed beams, each eventually traveling in the same direction
to a target. The manipulated pulses may be beneficially used
in ultrahigh-speed imaging and other applications.

2. Description of Related Art

Non-intrusive, laser-based optical diagnostic techniques
are important in spatially and temporally resolved measure-
ments of turbulent and chemically reacting flow processes
such as combustion. In particular, spontaneous Raman scat-
tering (SRS) spectroscopy using pulsed lasers is one of the
few techniques that can provide a quantitative measurement
of major chemical species concentrations and temperature in
turbulent reacting flows. In order to collect high-quality SRS
data in gas-phase flows, high-energy pulsed lasers are
required to compensate for the weak signal levels generated
by the Raman effect.

In the past decade, reliable high energy (and high peak
power) Q-switched (QS) Nd:YAG lasers that produce circa 1
J pulses at 532 nm have been used for SRS measurements of
gas-phase molecular species. This wavelength output
obtained by second harmonic generation (SHG) is a popular
choice for SRS excitation and is often used since it maximizes
the weak Raman signal with conventional visible-wavelength
optics and detectors. However, high energy QS lasers often
suffer from laser-induced plasma spark generation at the
focused probe volume. The strong optical emission from the
plasma spark overwhelms the weak Raman scattering signal,
making spatially resolved measurements with high energy
QS Nd:YAG lasers very challenging.

Previously, flashlamp-pumped dye lasers, although incon-
venient to use, were often employed for SRS excitation since
they produced laser pulse energies of order 1 J over several
microseconds at 532 nm, avoiding the plasma spark problems
inherent with QS Nd:YAG lasers. Note that SRS signal is
linearly proportional to the total energy of laser pulse and not
the intensity.

Thus, a way of reducing the peak laser power while main-
taining the total pulse energy is needed to facilitate SRS
measurements in combustion environments using the readily
available and convenient QS Nd:YAG laser. Additionally, the
processes need to be simple, low cost and relatively compact,
and the design parameters of the processes need to be easily
optimized to the requirements of particular applications.
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2
SUMMARY OF THE INVENTION

According to one embodiment of the invention, an optical
pulse stretcher is disclosed. The optical pulse stretcher has a
plurality of optical cavities, having multiple optical reflectors
such that an optical path length in each of the optical cavities
is different. The optical pulse stretcher also has a plurality of
beam splitters, each of which intercepts a portion of an input
optical beam and diverts the portion into one of the plurality
of optical cavities. The input optical beam is stretched and a
power of an output beam is reduced after passing through the
optical pulse stretcher and the placement of the plurality of
optical cavities and beam splitters is optimized through a
model that takes into account optical beam divergence and
alignment in the pluralities of the optical cavities.

Additionally, each optical cavity may provide a delay time
for the input optical beam based on the optical path lengths of
the optical cavities and a ratio of delay times for successive
optical cavities may form a geometric progression. Also, the
number of optical cavities may be three, where each may
provide a delay time and the ratio of delay times for the three
optical cavities may be 4:2:1.

In addition, the optical path lengths in each of the optical
cavities may be based on the pulse width of the input optical
beam. Also, the output beam of the optical pulse stretcher may
be such that it is suitable for use in a spontaneous Raman-
scattering spectroscopy system. Also, one of the plurality of
beam splitters, that diverts a particular portion of the input
optical beam into one of the plurality of optical cavities hav-
ing a shortest cavity length, may have a reflectivity of
approximately 40%.

According to another embodiment, a method of stretching
anoptical pulse is disclosed. The method includes the steps of
introducing an input optical beam to a first beam splitter of a
plurality of beam splitters, diverting a portion of the input
optical beam through interception by the first beam splitter
into a first optical cavity of a plurality of optical cavities,
where each of the optical cavities has multiple optical reflec-
tors such that an optical path length in each is different and
receiving an output beam portion from the first optical cavity
through the first beam splitter. The method also includes
repeating the introducing, diverting and receiving steps for a
remainder of the plurality of beam splitters and optical cavi-
ties with the input beam and output beam portions to produce
an output optical beam that is stretched and has a power that
is reduced when compared to the input optical beam and
optimizing a placement of the plurality of optical cavities and
beam splitters through a model that takes into account optical
beam divergence and alignment in the pluralities of the opti-
cal cavities.

According to another embodiment, an optical pulse
stretcher is disclosed. The optical pulse stretcher includes a
plurality of diverting means for diverting portions of input
optical beams into input portions, a plurality of optical delay
means for receiving, circulating and subsequently releasing
the input portions to produce output portions through the
plurality of diverting means, where each diverting means and
each optical delay means are paired together and optimizing
means for optimizing a placement of the optical delay means
and diverting means through a model that takes into account
optical beam divergence and alignment in the optical delay
means. The output portions produce an output optical beam
that is stretched and has a power that is reduced when com-
pared to the input optical beam.

These and other variations of the present invention will be
described in or be apparent from the following description of
the preferred embodiments.
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BRIEF DESCRIPTION OF THE DRAWINGS

For the present invention to be easily understood and
readily practiced, the present invention will now be described,
for purposes of illustration and not limitation, in conjunction
with the following figures:

FIG. 1 provides an example of a schematic of the basic
right-triangle ring-cavity that may be used as a pulse
stretcher, according to one embodiment of the present inven-
tion;

FIG. 2 illustrates a schematic of a pulse-stretcher using
multiple partially-transmitting optical ring-cavities (3-cavity
arrangement), according to one embodiment of the present
invention;

FIG. 3 illustrates a schematic of the basic pulse-stretcher
model with spatial pulse profile effects, including beam
deviation, d and beam divergence, 6 (for cavity 1), according
to one embodiment of the present invention;

FIG. 4 illustrates the calculated output laser pulse shapes
for different delay time ratios, T,:T,:T;, with the ordinate of
the graph A/y, showing the non-dimensional laser power,
according to one embodiment of the present invention;

FIG. 5 illustrates the calculated variations in the output
pulse power and width as a function of cavity 1 delay times,
T;, with FIG. 5(a) showing the effect on peak power and FIG.
5(b) showing the effect on output pulse width, according to
one embodiment of the present invention;

FIG. 6 illustrates the calculated variations in output laser
pulse power and width as a function of beam splitter reflec-
tivity, Rz, with FIG. 6(a) showing the effect on peak power
and FIG. 6(b) showing the effect on pulse width, according to
one embodiment of the present invention;

FIG. 7 illustrates the calculated output profiles of with
optimized parameters in a 2-, 3-, and 4-cavity arrangement,
according to various embodiments of the present invention;

FIG. 8 illustrates calculated 1-dimensional spatial profiles
of the stretched output pulse that include the effects of laser
beam angular deviation and/or divergence compared with a
system that has “perfect alignment”, with the graph ordinate,
Aly showing the non-dimensional laser power, according to
one embodiment of the present invention;

FIG. 9 illustrates a schematic of the experimental layout of
the 3-cavity pulse-stretcher used (each cavity is delimited by
the beam splitter), according to one embodiment of the
present invention;

FIG. 10illustrates a schematic of the experimental arrange-
ment used for the pulse-stretching measurements, according
to one embodiment of the present invention;

FIG. 11 illustrates the measured temporal profile of the
stretched-pulse output using the 3-cavity pulse-stretcher
shown in FIG. 9, according to one embodiment of the present
invention;

FIG. 12 illustrates temporal profiles of measured and cal-
culated laser pulses, with FIG. 12(a) showing q(t), the origi-
nal pulse, FIG. 12(b) showing D, (t), the output pulse from
cavity 1 only, with FIG. 12(c) showing D,(t), the output pulse
from cavity 2 (after passing through cavity 1 and 2), and with
FIG. 12(d) showing Ds(t), the final output or ‘stretched-
pulse’, according to one embodiment of the present invention;

FIG. 13 illustrates a schematic of a 2-cavity multi-pulse
generator, according to one embodiment of the present inven-
tion;

FIG. 14 illustrates typical performance of a 20 MHz multi-
pulse generator system calculated using a 2-cavity setup with
a 6.4 ns (FWHM) input pulse, according to one embodiment
of the present invention;
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4

FIG. 15 illustrates a schematic of an all fiber optic embodi-
ment of the multi-pulse generator depicted in FIG. 13.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

In its most general description, the present invention is
directed toward a simple and passive nanosecond-long laser
‘pulse-stretcher’ using multiple optical ring-cavities. The
term ‘pulse-stretcher’ is ideally suited for ns-long laser pulses
and is different than the time-bandwidth-product type of
pulse-stretcher that is routinely used in ultra-fast (femtosec-
ond) laser systems. Several concepts of pulse-stretching
using electro-optical devices have been reported. These other
concepts were primarily intended to permit launching QS
lasers pulses into optical fibers without damaging the fiber
input faces. However, there are few pulse-stretching systems
designed to reduce the high peak power of ns-long 532 nm
laser pulses from QS Nd:YAG lasers. Many of these tech-
niques rely on complicated and often expensive electro-optic
modulators to control the intra-cavity pulse buildup in the
laser.

The present invention is directed to, in several embodi-
ments, a laser pulse-stretching system that uses a series of
optical ring-cavities. The present invention is also directed to
the techniques used to design and optimize a reliable and
passive pulse-stretching system for ns-long pulses. The goals
of'the optimization process are: minimizing peak laser power,
avoiding laser-induced plasma spark generation and avoiding
damage to optical components in the beam path. These goals
are then realized through a numerical calculation of the tem-
poral and spatial profiles of the stretched-pulses using the
model. The results will clearly show the effects ofkey param-
eters such as: beam splitter reflectivity, optical cavity delay
time, laser beam pointing instability, and laser beam diver-
gence on the performance of the pulse-stretcher. The numeri-
cally optimized pulse-stretcher design will then be experi-
mentally verified using a 3-cavity pulse-stretcher and a 1000
ml/pulse QS Nd: YAG laser source.

The pulse-stretcher concept is based on a simple partially
transmitting optical ring-cavity that is arranged in a right-
triangle as shown in FIG. 1. Although other angles can be
used, the right-triangle configuration permits the superposi-
tion of the input and output pulses upon exiting the cavity
using readily available off-the-shelf45° incidence beam split-
ters. The cavity has an input 100, multiple mirrors 120 and
121 and a beam splitter 110. The ring-cavity traps and stores
aportion of the circulating laser pulse, subsequently releasing
the stored pulse through the output 130 over a longer period of
time as determined by the intra-cavity leakage rate (1-Rz),
where R is the beam splitter reflectivity, and the optical
delay time T, as determined by the optical propagation path
length L in the optical cavity.

From FIG. 1, if the path of an ‘original’ laser pulse is
followed into the cavity, it is first partially reflected (by Ry5)
at the beam splitter. The remainder of the laser pulse is then
transmitted (by 1-Rz) through the beam splitter. The pulse
then circulates inside the cavity for a time period; and is then
is partially extracted via leakage through the beam splitter.
The remainder of the pulse that is transmitted undergoes
another round-trip in the cavity or is reflected/transmitted
again, etc. The optical pulses exiting from the cavity have
delay times given by 7T, 2t, . . . , kt, where k is an integer
representing the number of round-trips in the cavity. Thus the
ring-cavity divides an initially large amplitude laser pulse
into many smaller amplitude pulses.
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The pulses leaving one cavity can then be used as the input
into other cavities to further stretch out the temporal profile of
the laser pulse. FIG. 2 shows a schematic, according to one
embodiment, of a pulse-stretcher using three combined ring-
cavities (201, 202, and 203). The schematic also has several
beam splitters 210-212, mirrors 221-225, an input 200 and an
output 230. Each subsequent optical cavity divides an input
pulse into multiple output pulses in the same way as the first
cavity as shown in FIG. 1, with optical delay times given by:
T,, T,, T3, respectively. The multiple pulses created by these
three cavities are subsequently recombined (a superposition
in space and shifted in time) by the final beam splitter into an
aggregate of many pulses, which appear as a single pulse with
a longer temporal width. In general, subsequent cavities have
shorter delay times (tT,>7,>T;) to produce an aggregate series
of pulses that appear to be one.

The analytical model of the pulse-stretching process is
based on FIGS. 1 and 2. In order to simulate the temporal
evolution of a laser pulse through the optical system, it is first
assumed a Gaussian temporal laser pulse shape for the pur-
poses of demonstrating this model. Although any arbitrary
laser pulse shape can be used (through a fitted function), a
Gaussian was found to closely approximate an injection-
seeded QS laser pulse and is by definition, normalized. The
instantaneous laser pulse power is then given by:

2V1n) [zm] o
q)=E exp|— )
\/;dr di

where q(t) has units of [J/s] or [W], and t is the time [s], E is
the laser pulse energy [J], d, is the temporal width of the laser
pulse at full-width-half-maximum (FWHM) [s].

In order to generalize the model for an arbitrary laser pulse

width, the following non-dimensional parameters are
defined:

r
=L (2a)
t
E 2b
A=—. @b)
0
E 2
Py = d_o 20)
t
Ar; 2d)
7=
i 4 >
Aljyk (2e)
Tix = d_r’

where y is the non-dimensional time; A is the non-dimen-
sional laser energy, E, is normal unit energy [1 J]; P, is the
unit-laser power based the laser pulse width d,; At, is the
round-trip propagation time for cavity i (“delay time”) [s]; T,
is the non-dimensional delay time for cavity i; At;, is the
propagation time of light from cavity j to k [s]; and T, is the
non-dimensional transit time from cavity j to k.

Using equations (2a-2¢) and normalizing equation (1) by
P, following q(yd,)/P,=Q(x), equation (1) can be rewritten in
non-dimensional form as:
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xp[—(Z\/ In(2) x)z],

A2VIn2)
o) = ———¢
Vr

which expresses the non-dimensional instantaneous laser
power as a function of the non-dimensional time y. If the path
of'alight pulseis followed through the optical cavity shown in
FIG. 1, it can be seen that the instantaneous output pulse
power from cavity 1 (i=1) is then given by:

Initial 15 pass 2 pass n™ pass

D1(0) = RpsQ(x) + (1 — Rps)*Q(x = 1) + (1 — Rps P Res Qx = 2r) +, (4

oo+ (1 = Rps)? R Q(x — nry)

N
= Rps QU0+ (1 - Rps)* > Ris' Q= nry)

n=1

where T, is the non-dimensional delay time for cavity 1, and
N is the number of round-trips of the laser pulse inside the
cavity. Dy(30)=Q(3) for i=1. D, (y) then also represents the
input pulse for the second cavity (i=2). Similarly, the instan-
taneous non-dimensional laser power from cavity 2 is then
given by:

N )
Dy(x) = RpsDy(x—712) + (1 - RBS)ZZ RES Dy [x— (112 +mro)],

m=1

where T, is the non-dimensional delay time for cavity 2, and
T, » is the transit time from cavity 1 to cavity 2.

Equations (4 & 5) show a pattern that permits us to describe
the instantaneous non-dimensional laser power from an arbi-
trary cavity i using the following recursion formula:

Di(x) = ©

N
Rps Dy (x =7 ) + (1= RBS)ZZ RE' Dy [x— (rimy; + k7)),
=1

where Tp,=0 for i=1. By substituting (i=3) into equation (6),
an equation that describes D;(y) is produced, the instanta-
neous non-dimensional laser pulse profile of the final output
from the 3-cavity pulse-stretcher system (the output of cavity
3 may be called the “stretched-pulse”). It is noted that equa-
tion (6) permits the modeling a pulse-stretcher with an arbi-
trary number of optical cavities.

For the purposes of most calculations, a cavity round-trip
value of N=10 was found to give a good approximate conver-
gence of the above summations, that is N=10 was sufficient to
dissipate Q(y). Although the analysis is non-dimensional,
there are some parameters that eventually need to be evalu-
ated based on real physical constraints such as the cavity-to-
cavity propagation times as defined by equation (2e). In the
following calculations, T, ,=0.18, and T, ;=0.13 was used as
initial inputs unless another number is described. Note that
the results of the analysis can easily be converted to real
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temporal units [s] by applying equation (2a). That is, the
non-dimensional axis (%) represents actual time units in mul-
tiples of the FWHM of the input laser pulse width [s].

A precise alignment of the optical ring-cavities in the
pulse-stretcher is required to realize the best performance
from the pulse-stretcher. However, in practice, it is difficult to
align such a system perfectly by hand. Thus, the effect of
optical misalignment and shot-to-shot beam pointing insta-
bility need to be estimated on the pulse-stretcher performance
in terms of the spatial profile of the resulting output pulse. The
spatial profile of the output pulse is aftected by small angular
deviations in the optical alignment, beam pointing stability
and beam divergence will now be examined.

From FIG. 3, it can be seen that in the case of small
deviations in the alignment of a mirror by an angle %3, a
lateral spatial displacement of the output beam profile by =L
tan(d) will be produced for a single round-trip of path length
L. Note that 8 may have resulted from either shot-to-shot
beam pointing instability, or from a misalignment in one of
the mirrors in the cavity which causes a successively larger
lateral spatial shift in the position of the beam upon every
round-trip inside the cavity.

Moreover, the laser beam divergence represented by 0,
causes a gradual expansion of the beam diameter which
grows with each round-trip within the cavity. Thus, the output
beam diameter with a long optical propagation distance will
be significantly larger than the input beam diameter purely
from the effects of finite beam divergence as shown in FIG. 3.
Thus the deviation angle 9, and beam divergence Ocauses the
spatial profile of the output beam to spread dramatically after
passing through the pulse-stretcher.

Examining these effects numerically (assuming radial
symmetry for simplicity) occurs with the same model used
for the temporal pulse profile but converted to the spatial
domain using geometry and a tan(0) transformation. First, the
one-dimensional spatial profile of an original laser pulse (as-
sumed to be a Gaussian function in space) is defined as:

V1) o

€
Vr (2Ltand + d,)

2VIn(2)

g0 L=E P _[(ZLtan0+d,)] }

where q'(r, L) has units of [J/cm], and r is the radial position
[em], E is the laser pulse energy [J], d,. is the initial diameter
of the original laser pulse at FWHM [cm], 8 is the beam
divergence half-angle [rad], and L is the optical propagation
distance [cm] (initially zero).

In a manner similar to the previous temporal analysis, the
following non-dimensional parameters may be defined in
order to generalize the results based on the spatial FWHM of
the original laser pulse:

_r (8a)
p=g
- AL (8b)
L= s
. ALjy (8c)
ok = P
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where p is the non-dimensional radial position; AL, is the
optical propagation distance for cavity i (initially zero); [, is
the non-dimensional optical propagation distance for cavity i;
AL, , is the optical propagation distance between cavity i and
cavity j [cm]; Izj, 15 the non-dimensional optical propagation
distance between cavity j and cavity k.

Using equations (2b & 8a-8b), equation (7) may be recast
in non-dimensional form as:

o W) We Y ©)
Qo Li)=E — xp|—| — .
Vr 2Litand +1) (2L;tang + 1)

From the recursion formula given by equation (6), and
given an incident laser pulse with a deviation angle 9 [rad]
with respect to the original propagation ray angle, the one-
dimensional spatial profile of the output pulse as a function of
non-dimensional distance p, from an arbitrary cavity i, would
be then given by the following recursion formula:

Di(p, ¥) = 10

N
Rps Di_(p, Wign=0y) + (1 = RBS)ZZ RE'DL| [p— (-1)"¥;tand, \¥;]

n=1

where W, is defined as equal to nI:i+I:i_1,i, the non-dimen-
sional intra-cavity propagation distance, and D'(p,¥,)=Q'(p,
f,), and INJOJZO for i=1. If (i=3) is substituted into equation
(10), a relation showing D';(p, W;) is obtained, the non-
dimensional spatial profile of the stretched output pulse. The
non-dimensional profile is easily converted to real units
[J/em] by applying equations (2b & 8a).

For the purposes of optimizing the pulse-stretcher, it is
assumed that a 3-cavity arrangement is used so that other
parameters can be optimized initially. The pulse-stretcher
described above has several parameters that can be varied,
these include: (1) ratio of delay times for each cavity, T,:T,:T;
determined by the optical propagation distance in each cavity;
(2) the delay time of cavity 1, T, as it relates to the laser pulse
width; and (3) the beam splitter reflectivity, R Once these
parameters are optimized, the last parameter can then be
examined, (4) the number of optical ring-cavities. Each
parameter will now be examined to optimize and determine
the ideal pulse-stretcher configuration.

In order to examine the effect of the first parameter, the
ratio of delay times on the efficacy of the pulse-stretcher,
different combinations of cavity-delay ratios are tried. FIG. 4
shows the output pulse shapes from the pulse-stretcher for
different ratios of delay times, T;: T,: T5. A pulse in the case of
T, T,: T,=4:2:1 has a relatively smooth shape and lower peak
power than others. Shapes of other pulses are highly distorted
or bunched-up and oscillating. This result shows that delay
time ratios which double in geometric progression, that is t;:
T,: T;=4n:2n:n (where n is integer), are best to recombine
multiple pulses into a smooth single output pulse. From FIG.
4, it can be seen that using the proper cavity-delay ratios is
critical in creating a smooth output pulse with the lowest
possible peak power.

The effect of the second parameter is now investigated, the
delay time length on the efficacy of the pulse-stretcher. FIG.
5 (a) shows variation of the peak laser power as a function of
delay time. FIG. 5 (4) shows variation of the temporal pulse
width of output pulses with changing of delay time, T, from
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1.0t0 7.5, and also shows the temporal pulse shape fort,=6.5
case. Here, the temporal width (FWHM) makes sense for
“Gaussian-like” pulses, but not for highly distorted of oscil-
lating pulse shapes such as shown in FIG. 4. Thus, the 1/e>
standard may be established for defining laser temporal pulse
width for more consistency between different types of pulse
shapes.

As showninFIG. 5 (a), the peak laser power decreases with
an increase in T, but it does not change very much past a T,
value of about 4. Note that the pulse width increases with an
increase in the value of T,. However, when t,>5, the stretched
output pulses do not recombine into a smooth pulse, but
instead appear highly distorted in shape with multiple peaks
that are over twenty times wider than the original pulse as
shown in FIG. 5(b). As a result, a non-dimensional delay time
of approximately T,=4 appears to be ideal for delay of the first
cavity of a 3-cavity pulse-stretcher system. Based on this
finding, and the fact that a 4:2:1 ratio for the different cavity
delay times is best, it can be seen that the optimum pulse-
stretcher cavity lengths (and delay times) are dictated com-
pletely by the input pulse width of the laser source. Thus, the
shortest stage of the pulse-stretcher cavity should have a
round-trip propagation time equal to the laser pulse temporal
width d, (FWHM) [ns]. Accordingly, subsequent longer-de-
lay time cavities should double in geometric progression.

Next, the effect of beam splitter reflectivity on the perfor-
mance of the pulse-stretcher is discussed. FIG. 6 shows varia-
tions of the peak pulse power and the temporal width of
output pulses with changes in the reflectivity of beam splitter,
Ry from 10% to 80%. From FIGS. 5 and 6, it is clear that for
an R value of approximately 40% yields the best combina-
tion of lowest peak laser power and shortest overall pulse
width. A short overall pulse width is desirable to minimize the
optical cavity length and for the better temporal resolution.
Thus, a 3-cavity optical configuration with the following
parameters resulted in the optimum pulse-stretcher perfor-
mance: delay time ratios T,:T,:T; ~4:2:1, initial delay time
T,~4, and beam splitter reflectivity R 5 =~40%.

Although for all the above calculations have been made
assuming a 3-cavity system (for the purposes of minimizing
the physical size of the pulse-stretcher), additional cavities in
a pulse-stretcher affect the temporal profile of the stretched-
pulse. FIG. 7 shows the calculated laser pulse profiles for an
original input laser pulse, Q(y) and the three different
stretched output pulses: D(y) from a 2-cavity pulse-stretcher
with t;: T,=2:1 (T,=2) based on equation (5); D(y) from a
3-cavity pulse-stretcher using the optimized optical param-
eters determined from the above exercise (T,:T,:t;=4:2:1,
T,=4); and D(y) from 4-cavity pulse-stretcher with (t,:T,:T5:
1,=8:4:2:1, T,=8) based on equations (3-6). From FIG. 7, it
can be clearly seen that each additional cavity produces a
longer and lower peak power stretched output pulse. It can
also be seen that the optical configuration of the pulse-
stretcher (via number of cavities, ratio of delay times, beam
splitter reflectivity) permits us to manipulate temporal profile
of laser pulse in many different ways.

However, the optical propagation distance becomes longer
according to the total delay time of all cavities (i.e. T;+T,+
T3+ ... ), S0 a 4-cavity pulse-stretcher will have beam diver-
gence effects that become increasingly worse compared to a
3-cavity system. Furthermore, a 4-cavity system needs more
physical area. For example, a 4-cavity system would require
a 19.2 m long cavity-1 for an original laser pulse width d, of
8 ns (FWHM). This kind of optical table space is prohibitively
expensive (or unavailable in most laboratories). Thus, accord-
ing to one embodiment, a 3-cavity arrangement is selected for
implementation based on a tradeoff between minimizing the
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size of the pulse-stretcher and the requirement that we reduce
the peak power to 0.10x. Additionally, the 3-cavity system
provides a relatively smooth and continuous output pulse
profile (in time).

FIG. 8 shows the one-dimensional spatial profiles of the
stretched-pulse including the effects of beam deviation and/or
beam divergence as calculated from equation (10). Here, d is
assumed to be 25 prad based on the shot-to-shot beam point-
ing stability of a typical commercially available pulsed
Nd:YAG laser, and the beam divergence, 0 is assumed to be
250 grad for the same product. From FIG. 8, it can be seen that
beam deviation angle resulting from pointing instability does
not significantly affect to the spatial profile of the output pulse
when compared with the beam diameter. However, the beam
divergence causes a significant spread in the spatial profile of
the output pulse; the pulse spatial profile width at FWHM is
approximately 2x the size of a beam that does not go through
the pulse-stretcher system. This result indicates that stretched
laser pulse diameter is significantly enlarged, and in theory,
can affect the spatial resolution of the system in which it is
implemented. However, in actual use, it really depends on
how the stretched-pulse is eventually focused in the actual
probe volume.

One goal of this invention is to develop a pulse-stretcher
that produces a smooth, low-power QS pulse that lasts at
most, several hundred nanoseconds to permit sufficient tem-
poral resolution for single-shot SRS measurements in sub-
sonic flows. Another goal is to develop a pulse-stretcher that
prevents laser-induced plasma generation. The laser-induced
dielectric breakdown threshold for air at pressures ranging
from approximately 1 to 4 atm using QS Nd:YAG laser at 532
nm is of the order 10'2 to 10'* W/cm? (with a negative pres-
sure dependence). Thus, the peak laser power needs to be kept
below 0.08 GW in order to focus the laser beam downto a0.1
mm diameter spot without generating a plasma spark. How-
ever, a more stringent requirement exists even prior to the
smallest diameter beam-waist: preventing damage to optical
windows/components in the focused beam path. The damage
threshold of commercially available fused silica windows is
ca. 1 GW/cm?. Often, long focal length (>>500 mm) lenses are
used to focus the beam into the probe volume in order to
produce a slender 1-d ‘pencil-like’ probe volume for the pur-
poses of line-imaging. This produces a rather small beam
diameter at the locations where the beam traverses an optical
window, typically of the order 1 to 2 mm in diameter. Thus,
the peak laser power must be kept below 0.02 GW if we wish
to send a 1.5 mm diameter beam through fused silica. In short,
the laser peak power needs to be kept well below 0.02 GW to
prevent window damage and to prevent plasma spark genera-
tion.

FIG. 9 shows the optical layout of the pulse-stretcher used
in this study to experimentally verify the analytical model.
This arrangement employs three optical ring-cavities (1, 2,
and 3) divided by three beam splitters. Here, the longer cavi-
ties are achieved by folding the optical path with mirrors
while still retaining the right-triangle arrangement. This par-
ticular design consists of eleven 0° incidence angle mirrors,
five 45° (S-polarized) incidence angle mirrors, and three 45°
(S-polarized) incidence beam splitters. Cavity 1, 2, and 3
perform three optical delays given by: 1,, T,, and 5, respec-
tively. Each delay time is equal to the propagation time of the
light across the optical propagation distance [cm], L., L,, and
L, in each optical cavity. Note that extra attention has to be
paid to using kinematic mirror mounts that are mechanically
stable and possess a high degree of adjustment resolution in
order to achieve the most reliable and trouble-free pulse-
stretcher.



US 7,813,406 B1

11

FIG. 10 shows the simplified schematic illustrating how
the pulse profiles were measured after each stage of delay. By
simply inserting beam dumps at the locations shown, the
following 4 cases were obtained: q(t) the reflection-only out-
put pulse representing the original pulse, D,(t) the output
pulse from cavity 1 only, D,(t) the output of cavities 1 and 2,
and D;(t)—the final stretched-pulse with no cavities blocked.
All measurements were performed with the same optical
layout and components as shown in FIG. 9, with the only
differences implemented by blocking different cavities as
shown in FIG. 10. This permits the relative intensities
between the stretched and un-stretched pulses to be compared
quantitatively. An injection seeded, QS Nd: YAG laser (Spec-
tra Physics, Quanta-Ray Pro-290) operating at 532 nm with
about 1000 mJ/pulse was used as the laser source. The laser
temporal pulse width was measured to be 8.4 ns (FWHM).
The injection seeding feature is not required, but helps to
produce a smooth pulse shape that is easier to model analyti-
cally (with a Gaussian function) and has better pulse-to-pulse
energy stability with less timing-jitter.

Although the coherence length from a single longitudinal
mode injection seeded laser can be quite long (many meters),
any coherent spatial interference effects of the output beam
profile were not observed. This is probably due to the fact that
the multiple output pulses were not perfectly overlapped spa-
tially as a result of the spatial profile instability describe
above. Furthermore, the recombined multiple pulses exhib-
ited a low level of temporal overlap with one another through
the effect of the delay lines, which helps to reduce phase-
sensitive optical interference effects. Finally, the stretched
laser pulses are directed onto a flat-black anodized aluminum
plate which served as a beam dump. The residual scattered
light from the beam dump was attenuated using ND filters and
detected with a fast (1 ns rise-time) Si-PIN photodiode (Thor-
labs, DET-210). Output photo-currents from the photodiode,
terminated into 50Q, were recorded with 9-bit resolution at
2.5 G-samples/sec using a digital oscilloscope (Tektronix,
TDS-3032B).

In order to compare experimental results with calculated
results quantitatively, the stretched-pulse profile using the
same optical parameters found in the experiment is calcu-
lated. For better accuracy of the resulting output pulse, the
scattering losses at the anti-reflection (AR) coating surface
(L,z) of the beam splitter, the reflectivity of the 0° mirror
(R, ), and the reflectivity of the 45° mirror (R,,,5), which
were ignored in the previous equations, are added. Thus, the
following “dimensional” equations were used to model the
resulting stretched laser pulse based on Eqns. (1 & 3-6):

Dy(0) = (1 - Lag)* Rpsq(d) + an

N
(1= Lag)(1 = Rps)* > [Rupas(Ruso) 1" Ris gt = np)

r=1

Dy(t) = (I — Lag)* Ruas Rps D1t — 71) + (1 — Lyg) a2

N
(L= Rps)®x > [Ruas(Rupo) " REs' Dilt = (r1 2 +mr)]
m=1

D3(t) = (I — Lag)* Ruas Rps Dot — 723) + a3

N
(1= Lar)(L = Rgs)* X 3" [Rusas (Ruso)I* Rfs' Dalr = (723 + ke3)]

k=1

where t is the time [s]; T;, T,, Ts, T; 5, and T, ;3 now have
dimensional units of [s].
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For the experimental verification of the model, measured
values for the following parameters were used: E=1000 mJ,
d,~=8.4 ns, ©,=35.2 ns, 1,=16.7 ns, ©;=9.03 ns, T, ,=1.53 ns,
T,3=1.10 08, Rz, =40%, Rps,=41%, Rz4;=40%. Note that
the delay time ratio of the actual pulse-stretcher was T,:T,:
1,=3.9:1.9:1 (close to the ideal 4:2:1 ratio proposed in the
previous section). The manufacturer’s quoted mirror perfor-
mance figures were used for the remaining parameters:
L ,z=0.25%, R, ,,=99.5%, and R, ;,s=99.0% (CVI, Y2-Series
high-energy mirrors).

Quantitative comparisons of the measured versus calcu-
lated pulse-stretcher profiles were realized by correcting the
measured photodiode photocurrents against the optical trans-
mittance of the series of beam splitters and mirrors. That is,
the measured intensities of q(t), D, (1), and D,(t) given by
equations (1), (11), and (12), respectively were attenuated
due to passage through the beam splitters (BS,, BS, or BS;)
and mirrors (M, or M,). Thus, the measured intensity of q(t)
should be corrected by 1/a, where a is the throughput effi-
ciency of optics in FIG. 10, given by
Rzs1'Rasi Rz R Rpgs). Here R, denotes the actual
reflectivity of each beam splitter or mirror directly measured
by a calibrated pyroelectric laser energy meter (Molectron,
J25L.P-1) used with the laser operating in a long-pulse mode
(ca. 2 mJ/pulse) to prevent damage to the energy meter. In the
same manner, the measured time-varying power of the pulse
represented by D, () was corrected by 1/8 where j is given by
Ry Rzso Ry Rpss) and the measured intensity of D,(t)
was corrected by 1/y, where y is given by (R, »'Rz53). For the
throughput efficiency of D,(t), all optics used in FIG. 9 were
included in equation (13).

All experimental data were calibrated using the scaling
factor, 1, where 1 is the conversion factor from photodiode
voltage (across 50Q) [V] to laser power [J/s] for the present
experimental condition, to fit the peak power point of the
measured original pulse, (t) to the calculated laser pulse. The
measured q(t) signal was calibrated by delaying the signal
during processing by (T, ,+T, ;) to compensate for the fact
that q(t) was measured just after BS; while the calculated q(t)
means the one just before BS, . Thus, a quantitative represen-
tation of laser power versus time for the experimentally mea-
sured stretched-pulse was achieved.

FIG. 11 shows the measured average and envelope tempo-
ral profile of the stretched-pulse for 256 shots. A relatively
high variation in laser intensity of +21% against the mean
value was observed for the period from 40 to 85 ns and
variation of £15% was observed at the maximum point of
intensity profile at 49 ns. These variations indicate that a
factor of safety at least 15% should be provided when select-
ing optical components such as mirrors or windows in the
beam path following the pulse-stretcher, that may be dam-
aged by higher peak pulse intensities. This factor of safety
should also be included in the design of the minimum diam-
eter of the beam waist to prevent optical breakdown of the
gases at the focal point. This variation results partly from laser
energy stability of +3%, and mainly from effects of minor
optical cavity misalignment, shot-to-shot beam-pointing sta-
bility, and beam-divergence as shown in FIG. 8 which cause
laser beam clipping at the edge of optics.

FIG. 12 shows the calculated temporal profiles of the origi-
nal laser pulse and output pulses from the pulse-stretcher. The
measured pulses for q(t), D, (1), D,(t), and the stretched-pulse,
D;(t) show excellent agreement with the calculated pulses on
overall shape. FIG. 12 shows the evolution from a single
original short pulse to a stretched-pulse. First, a single 8.4
ns-long FWHM pulse, q(t), is divided into approximately six
smaller pulses by cavity 1, shown by D, (t). Then, the output
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of D, (1) is divided to about eleven smaller pulses by cavity 2,
shown by D,(t). Finally, the final pulse-stretcher output pro-
duces a much longer continuous pulse that is over 150 ns wide
(approximately 75 ns half width) and reduces the peak laser
power downto 0.011 GW from 0.11 GW, or 10% of'the initial
peak power. From FIG. 12(d) the stretched-pulse was found
to maintain 82% of its initial laser energy by direct numerical
integration of the experimentally measured stretched-pulse
laser signal. This throughput efficiency value agrees
extremely well with the result of 83+5% as directly measured
by the pyroelectric energy meter (which does not account for
the temporal shape of the pulse). This remarkable agreement
shows that the calibration procedure outlined above indeed
permits an accurate and quantitative comparison of the mea-
sured to the calculated instantaneous laser power.

The inset curve in FIG. 12(d) shows that the detailed profile
of the calculated stretched-pulse for the period from 0 to 50
ns. However, the experimental data is about 25% lower than
the calculation in the decay curve portion of the pulse (after
80 ns) because of the combined effects of beam divergence
and beam pointing instability as discussed previously. This
effect becomes more prominent for the pulses that travel
longer distances as the third and later peaks in the measured
D, (1) and D,(t) profiles show slightly lower power than cal-
culated profiles—the energy is simply lost due to beam clip-
ping resulting from misalignment and divergence. Conse-
quently, the experimentally measured stretched-pulse energy
01’822 mJ is approximately 8% lower than predicted best total
pulse energy of 933 mJ (limited only by mirror and beam
splitter losses). This level of discrepancy is relatively minor
and the accuracy of the model is sufficient for the purposes of
designing and predicting pulse-stretcher performance. The
majority of the energy losses result primarily from the limi-
tations in the manual-alignment of the pulse stretcher system,
and from the beam divergence which causes beam clipping
losses when the spatial profile of the beam exceeds the diam-
eter of the optic component. In most embodiments, 50 mm
diameter optics were used for all mirrors and beam splitters in
this study; with the 45° beam splitter, the clear aperture is
reduced by 1/V2. However, another option is to use larger
diameter optics (say 75 mm) that reduces the effects of beam-
clipping resulting from beam divergences. However, the cost
of'the optics becomes increasingly prohibitive with such large
diameters.

FIG. 13 illustrates a schematic of a 2-cavity multi-pulse
generator, according to another embodiment of the present
invention. The optics utilize high-reflectivity dielectric
coated optics for maximum energy efficiency and durability.
The system is passive and requires no electronics or compli-
cated modulation schemes. According to this embodiment,
the system may be used as a passive multi-pulse generator for
use as a stroboscopic light source for high speed ballistic
projectile imaging studies or can be used for high speed flow
diagnostics using a laser light sheet with digital particle imag-
ing velocimetry.

FIG. 14 illustrates typical performance of a 20 MHz multi-
pulse generator system calculated using a 2-cavity setup with
a 6.4 ns (FWHM) input pulse, according to one embodiment
of'the present invention. It is noted that output pulse curve has
been scaled by 5x. Approximately 6 pulses with pulse ampli-
tudes ranging from 10% to about 20% of the input pulse
amplitude can be generated using this system. The model
used for this calculation has been extensively verified by
experiment. Other repetition rates and pulse envelope shapes
can be obtained by changing and tuning various parameters of
the pulse-generator system. Specifically, the parameters for
this calculation were: Gaussian profile input pulse with a 6.4
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ns (FWHM); Cavity-1: T,=100 ns, Rz ,=0.40; Cavity-2:
T,=50 ns, RBS2=0.34; Cavity-cavity delay t,,=1.7 ns.

In the present invention, a simple and passive ns-long laser
pulse-stretching system is described using multiple low-fi-
nesse optical ring-cavities utilizing a partially transmitting
beam splitter. The pulse-stretching process is modeled with
an expression that can be used to describe a pulse-stretcher
containing an arbitrary number of optical cavities. It is
believed that this is the first time that a model of the multiple
ring-cavity pulse-stretcher has been developed that explicitly
includes the effects of cavity delay time, beam splitter reflec-
tivity, and total number of optical cavities.

Furthermore, the present invention also addresses the
effects of the spatial profile sensitivity. Using the model, the
design of a pulse-stretcher system suitable is optimized for
use in a spontaneous Raman scattering excitation system that
avoids the problematic laser-induced plasma spark problems
that often accompany QS Nd: YAG excitation sources. From
the optimized design, the model was experimentally demon-
strated and verified with a 3-cavity pulse-stretcher system that
converts a 1000 mJ, 8.4 ns-long laser pulse into an approxi-
mately 150 ns-long (75 ns FWHM) output pulse with a peak
power reduction of 0.10x, and an 83% efficiency.

The processes of the present invention provide excellent
agreement between model and experiment for the overall
pulse profiles which indicates that the model can be used to
accurately predict the performance for other general multi-
cavity pulse-stretcher designs for the ns-long pulse regime.
The present invention also found that laser beam-pointing
instability was a minor factor on the quality of the spatial
profile of the output pulse, rather, the laser beam divergence
and cavity alignment were found to be much more critical.

The following observations can be used as guidelines in the
design of an optimized pulse-stretching system. The cavity
length (and delay time) for the optical cavities is dictated by
input laser pulse width D, (FWHM) [ns], and the shortest
cavity delay time should equal the laser pulse width. Longer
delay time cavities preceding the shortest cavity should
double in geometric progression, thus, for a 3-cavity system a
4:2:1 ratio should be used. The optimum beam splitter reflec-
tivity for the lowest peak-power, yet physically shortest cav-
ity length is approximately 40%. A 3-cavity system provides
an approximate 0.10x reduction in peak power, with each
additional cavity reducing the peak power by approximately
an additional 0.5x.

It may also be mentioned that the pulse stretcher should be
aligned, one cavity at a time, with the output of stage one,
directed into the subsequent stage. For the alignment process,
a Q-switched Nd:YAG laser with a so-called ‘long pulse’
mode may be used in which the Q-switch is held open to allow
the laser to produce a train of several hundred low energy
(micro Joule) pulses with a total energy of about 2 mlJ. This is
a commercially available option on a certain brand (Spectra
Physics—Quanta Ray) of laser (but not available on all
brands of lasers). This long pulse mode is useful because it
permits alignment with a relatively safe level of pulse energy
that will not damage mirrors and optics should the alignment
be incorrect. Other useful things that permit easier alignment
is the use of variable apertures (irises) mounted on fixed
height optical posts which can be moved around on the optical
table to check and ensure that the laser beam is planar (not
going up and down). This is important to keep the polarization
state from rotating with out-of-plane reflections.

Yet another embodiment of the present invention utilizes
fiber optic components to realize a robust, compact, and
alignment-free means of optical pulse manipulation as
described above. By utilizing single-mode optical fibers of
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the appropriate wavelength range, the functions of the optical
ring cavity and beam splitter, can be implemented using a
fiber optic loop 1506/1508, and a fiber optic 2x2 coupler
1502/1504, respectively, as shown in FIG. 15. In an embodi-
ment of the invention, the single-mode optical fibers of the
appropriate wavelength range is preferably polarization-
maintaining and the fiber optic 2x2 coupler is preferably
polarization-maintaining. Note that the calculation of the
fiber optic propagation delay time (fiber length) will have to
include the index of refraction within the fiber, and custom
fiber optic couplers will be used to achieve the reflectivities
similar to those described for the multi-pulse generator used
in FIG. 14. As an example, in order for the fiber optic embodi-
ment to produce exactly the same output as depicted by the
free-space system shown in FIG. 14, the following specifica-
tions may be used for a optical fiber based system with an
index of refraction n=1.447 (silica fiber): [,=20.73 m,
[,=10.37 m, and L.,,=0.35 m, where L, refers to the fiber
length of cavity N, and L, ,refers to the fiber length connect-
ing cavity N and M, respectively. Here, a 40:60 2x2 coupler
refers to a 40% reflection: 60% transmission 2x2-port fiber
optic coupler.

In the embodiment illustrated in FIG. 15, a laser pulse 1510
is inputted to input lens 1512. Laser pulse 1510 is then pro-
vided with the functions of the optical ring cavity and beam
splitter, using a fiber optic loops 1506/1508, and a fiber optic
2x2 couplers 1502/1504, respectively. The output is passed
through a collimator and focusing lens 1514, thereby provid-
ing multiple output pulses 1516.

While the physical space required by the free-space mul-
tiple optical ring-cavities depicted in FIG. 13 occupies
approximately 5 m* of optical table space and occupying 1 m®
of volume, an equivalent system implemented using fiber
optic components would occupy less than 0.01 m? of area and
have a total volume of 0.00025 m>. This embodiment can be
used for both a pulse stretcher or a multi-pulse generator. Due
to the reduced peak optical power that fiber optic systems can
transmit (limited by the damage threshold of the glass fiber),
this embodiment would have applications as a seed source for
laser oscillators or amplifiers, or as a pulse multiplier for
high-bandwidth fiber optic telecommunications systems. For
example, a 10 GHz repetition rate pulsed telecommunications
diode laser source could easily be made to passively produce
a 60 GHz pulse train with the use of the fiber optic pulse
multiplier as described above.

Although the invention has been described based upon
these preferred embodiments, it would be apparent to those
skilled in the art that certain modifications, variations, and
alternative constructions would be apparent, while remaining
within the spirit and scope of the invention. In order to deter-
mine the metes and bounds of the invention, therefore, refer-
ence should be made to the appended claims.

The invention claimed is:

1. An optical pulse stretcher comprising: A plurality of
optical cavities arranged in series where the first optical cav-
ity in series receives an input optical laser beam and the last
optical cavity in series emits an output optical laser beam,
where each optical cavity comprises: a plurality of optical
reflectors; and an optical path length; wherein the optical path
length of each optical cavity is V2 the optical path length of the
preceding optical cavity in series so as to reduce peak laser
power while maintaining total pulse energy, wherein the last
optical cavity in series has an optical path length approxi-
mately equal to the temporal pulse duration of the input
optical laser beam multiplied by the speed of light.

2. The optical pulse stretcher as recited in claim 1, wherein
the temporal pulse width of the input optical laser beam is

20

25

40

45

60

65

16

approximately given by the temporal full width at half-maxi-
mum (FWHM) of the input optical laser beam.

3. The optical pulse stretcher as recited in claim 2, wherein
the output optical laser beam is suitable for use in a sponta-
neous Raman-scattering spectroscopy system.

4. The optical pulse stretcher as recited in claim 2, wherein
the output optical laser beam comprises a series of pulses that
are applicable as a stroboscopic light source.

5. The optical pulse stretcher as recited in claim 4, wherein
the series of pulses that are applicable as a stroboscopic light
source is suitable for high-speed ballistic projectile imaging.

6. An optical pulse stretcher comprising:

A plurality of optical cavities arranged in series where the
first optical cavity in series receives an input optical laser
beam and the last optical cavity in series emits an output
optical laser beam, where each optical cavity comprises:
a plurality of optical reflectors; and
an optical path length;

wherein the last optical cavity in series has a round-trip
propagation time approximately equal to the laser pulse
temporal width so as to reduce peak laser power while
maintaining total pulse energy.

7. The optical pulse stretcher as recited in claim 6, wherein
the temporal pulse width of the input optical laser beam is
approximately equal to the temporal full width at half-maxi-
mum (FWHM) of the input optical laser beam.

8. The optical pulse stretcher as recited in claim 7, further
comprising at least one beam splitter having a defined reflec-
tivity wherein the at least one beam splitter is configured to
intercept a portion of the input optical laser beam and to divert
the portion of the input optical laser beam into at least one of
the series of optical cavities.

9. The optical pulse stretcher as recited in claim 8, wherein
each optical cavity comprises at least one beam splitter con-
figured to receive a portion of the input optical laser beam and
emit an output optical laser beam therefrom.

10. The optical pulse stretcher as recited in claim 9,
wherein the at least one beam splitter has a reflectivity of
between 30% and 50%.

11. The optical pulse stretcher as recited in claim 10,
wherein the at least one beam splitter has a reflectivity of
approximately 40%.

12. The optical pulse stretcher as recited in claim 11,
wherein the plurality of optical cavities comprises three opti-
cal cavities.

13. A method of stretching an optical pulse comprising:
providing a plurality of optical cavities arranged in series and
having different optical path lengths; providing that the dif-
ferent optical path length of each cavity is %% the optical path
length of the preceding optical cavity in series; introducing an
input optical laser beam into the first optical cavity which
results in an output optical laser beam emitting from each
optical cavity; producing, with the input beam and output
beam portions, an output optical beam that is stretched and
has a power that is reduced when compared to the input
optical beam, and providing that the last optical cavity in
series has an optical path length approximately equal to the
temporal pulse duration of the input optical laser beam mul-
tiplied by the speed of light.

14. The method of stretching an optical pulse as recited in
claim 13, further comprising:

providing at least one beam splitter so as to divert a portion

of the input optical beam into at least one of the optical
cavities.
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providing the at least one beam splitter has a reflectivity of

15. The method of stretching an optical pulse as recited in
approximately 40%.

claim 14, further comprising:
providing at least one beam splitter associated with each 17. The method of stretching an optical pulse as recited in

optical cavity such that the associated optical cavity claim 16 wherein the temporal pulse width of the input optical
receives an input optical laser beam and emits an output 5 laser beam is approximately the temporal full width at half-
optical laser beam therethrough. maximum (FWHM) of the input optical laser beam.

16. The method of stretching an optical pulse as recited in

claim 15, further comprising: DT S
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